Spatially-resolved Radio-to-Far-infrared SED of the Luminous Merger
  Remnant NGC 1614 with ALMA and VLA by Saito, Toshiki et al.
ar
X
iv
:1
51
2.
05
13
3v
1 
 [a
str
o-
ph
.G
A]
  1
6 D
ec
 20
15
Publ. Astron. Soc. Japan (2014) 00(0), 1–9
doi: 10.1093/pasj/xxx000
1
Spatially-resolved Radio-to-Far-infrared SED of
the Luminous Merger Remnant NGC 1614 with
ALMA and VLA
Toshiki SAITO,1,2 Daisuke IONO,2,3 Cong K. XU,4 Junko UEDA,2 Kouichiro
NAKANISHI,2,3 Min S. YUN,5 Hiroyuki KANEKO,6 Takuji YAMASHITA,7 Minju
LEE,1,2 Daniel ESPADA,8 Kentaro MOTOHARA,9 and Ryohei KAWABE1,2,3
1Department of Astronomy, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo
133-0033, Japan
2National Astronomical Observatory of Japan, 2-21-1 Osawa, Mitaka, Tokyo, 181-8588, Japan
3The Graduate University for Advanced Studies (SOKENDAI), 2-21-1 Osawa, Mitaka, Tokyo,
181-0015, Japan
4Infrared Processing and Analysis Center (IPAC), California Institute of Technology, 770 South
Wilson Avenue, Pasadena, CA 91125, USA
5Department of Astronomy, University of Massachusetts, Amherst, MA 01003, USA
6Nobeyama Radio Observatory, Minamimaki, Minamisaku, Nagano 384-1305, Japan
7Institute of Space and Astronautical Science, Japan Aerospace Exploration Agency, 3-1-1
Yoshinodai, Sagamihara, Kanagawa 229-8510, Japan
8Joint ALMA Observatory, Alonso de Co´rdova 3107, Vitacura, Casilla 19001, Santiago 19,
Chile
9Institute of Astronomy, The University of Tokyo, 2-21-1 Osawa, Mitaka, Tokyo 181-0015,
Japan
∗E-mail: toshiki.saito@nao.ac.jp
Received 2015 September 10; Accepted 2015 December 16
Abstract
We present the results of Atacama Large Millimeter/Submillimeter Array (ALMA) 108, 233,
352, and 691 GHz continuum observations and Very Large Array (VLA) 4.81 and 8.36 GHz
observations of the nearby luminous merger remnant NGC 1614. By analyzing the beam (1.′′0
× 1.′′0) and uv (≥ 45 kλ) matched ALMA and VLA maps, we find that the deconvolved source
size of lower frequency emission (≤ 108 GHz) is more compact (420 pc × 380 pc) compared
to the higher frequency emission (≥ 233 GHz) (560 pc × 390 pc), suggesting different physi-
cal origins for the continuum emission. Based on an SED model for a dusty starburst galaxy,
it is found that the SED can be explained by three components, (1) non-thermal synchrotron
emission (traced in the 4.81 and 8.36 GHz continuum), (2) thermal free-free emission (traced
in the 108 GHz continuum), and (3) thermal dust emission (traced in the 352 and 691 GHz
continuum). We also present the spatially-resolved (sub-kpc scale) Kennicutt-Schmidt relation
of NGC 1614. The result suggests a systematically shorter molecular gas depletion time in
NGC 1614 (average τgas of 49 - 77 Myr and 70 - 226 Myr at the starburst ring and the outer re-
gion, respectively) than that of normal disk galaxies (∼ 2 Gyr) and a mid-stage merger VV 114
(= 0.1 - 1 Gyr). This implies that the star formation activities in U/LIRGs are efficiently en-
hanced as the merger stage proceeds, which is consistent with the results from high-resolution
numerical merger simulations.
c© 2014. Astronomical Society of Japan.
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1 INTRODUCTION
Gravitational interaction between two gas-rich galaxies not only
changes the morphology, but it also induces bursts of star for-
mation (starburst; SB) (e.g., Hopkins et al. 2006; Teyssier et al.
2010). It is observationally known that most of local and high-
redshift galaxies with elevated infrared luminosity (i.e., SB en-
shrouded by dust) are merging and interacting galaxies (e.g.,
Kartaltepe et al. 2010). Galaxies with total infrared luminosities
(LIR) of ≥ 1011 L⊙ are called (ultra-)luminous infrared galax-
ies (U/LIRGs). Since they are known to harbor nuclear activ-
ities (active galactic nucleus (AGN) and/or SB) hidden behind
large column of dust, submillimeter wavelength observation is
essential in order to investigate the obscured activities directly.
In the radio to far-infrared (FIR) regime, the spectral energy
distribution (SED) can be modeled with three components, non-
thermal synchrotron, thermal bremsstrahlung (free-free), and
thermal dust continuum emission (e.g., Condon 1992). The
synchrotron radiation in galaxies arises from relativistic elec-
trons generated by shocks mostly associated with supernova
remnants. The free-free emission comes from HII regions con-
taining ionizing stars. The flux of the free-free emission is dif-
ficult to measure directly, because the flat spectrum (index =
−0.1 in the optically thin regime) makes it weaker than the syn-
chrotron emission (index∼−0.8) below 30 GHz. The FIR con-
tinuum is represented by a modified blackbody spectrum which
is emitted by interstellar dust grains heated by stars to temper-
atures between 20 - 200 K. High-resolution multi-wavelength
observations are required to distinguish these three components.
Past studies of the radio-to-FIR SED for U/LIRGs (e.g., U et
al. 2012) had focused on the global properties (e.g., total star
formation rate (SFR)) due to the limited angular resolution at
higher frequency (> 100 GHz). In this paper, we focus on
the sub-kpc properties of the radio-to-FIR SED of a luminous
merger remnant NGC 1614 using ALMA and VLA.
NGC 1614 is one of the nearby (DL = 68.6 Mpc; 1′′= 330 pc)
gas-rich LIRGs (log (LIR/L⊙) = 11.65; Armus et al. 2009) with
a tidal tail and an arc-like structure traced in the HI (Hibbard
& Yun 1996). Numerical simulation by Va¨isa¨nen et al. (2012)
suggested that the galaxy is formed by a gas-rich minor merger
with the mass ratio of ∼ 1/4. Low-J CO observations revealed
that the system has a nuclear gas ring with an extended rotating
gas disk and an arm-like structure (Olsson et al. 2010; Ko¨nig
et al. 2013; Sliwa et al. 2014). NGC 1614 is classified as a
merger-remnant with a cold gas disk (Ueda et al. 2014). The
starburst ring is detected in the 5 GHz and 8.4 GHz radio con-
tinuum, Paschen α, PAH, and CO (6–5) emission (Alonso-
Herrero et al. 2001; Olsson et al. 2010; Herrero-Illana et al.
2014; Xu et al. 2015), indicating a presence of strong SB along
the ring (starburst ring). The radio and X-ray studies revealed
little evidence for the presence of AGN (Herrero-Illana et al.
2014). This is consistent with the results from an AGN diag-
nostics using the HCN (4–3)/HCO+ (4–3) line ratio (Imanishi
& Nakanishi 2013). In addition, Xu et al. (2015) argued that
the non-detection of the nucleus in the ALMA 435 µm contin-
uum image ruled out any significant AGN activity. We regard
NGC 1614 as a starburst-dominated galaxy throughout this pa-
per.
This paper is organized as follows: the observations and data
reduction are summarized in Section 2, results are briefly sum-
marized in Section 3, and modeling procedure of the SED is
described in Section 4. After discussing the spatially-resolved
Kennicutt-Schmidt relation of NGC 1614 and other U/LIRGs in
Section 5, we summarize and conclude this paper in Section 6.
We have adopted H0 = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ =
0.7.
2 OBSERVATION AND DATA REDUCTION
2.1 ALMA Observations
Observations toward NGC 1614 were carried out as an ALMA
cycle 2 program (ID = 2013.1.01172.S) using thirty-five 12 m
antennas. The band 3 and 6 receivers were tuned to the
12CO (1–0) and 12CO (2–1) line emission in the upper sideband.
The band 3 data were obtained on August 30, 2014 (on-source
time of Tinteg = 16.9 min.) using the projected baseline lengths
of 28 - 1060 m. The band 6 data were obtained on December 8,
2014 (Tinteg = 22.0 min.) using the projected baseline lengths
of 15 - 349 m. Each spectral window had a bandwidth of 1.875
GHz with 3840 channels, and two spectral windows were set to
each sideband to achieve a total frequency coverage of ∼ 7.5
GHz. For the band 3 and 6 observations, J0423-0120 was used
for the bandpass and phase calibrations, and Uranus was used
for the flux calibration. The main target lines of the ALMA pro-
gram were the 12CO transitions (Saito et al. in preparation), and
we subtracted all line features in the bandpass in order to obtain
the continuum emission (Section 2.3).
Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 3
Fig. 1. The 4.81 GHz to 691 GHz continuum images of NGC 1614. The minimum uv ranges of all data are clipped at 45 kλ to have the same MRS of 4.′′6.
The convolved beams (1.′′0 × 1.′′0) are shown in the lower left. The nth contours are at 3·2n−1σ except for the 691 GHz image (2nσ) (n = 1, 2, 3 ...). The
rms noise are 45, 25, 51, 143, 68, and 4800 µJy beam−1 for VLA/C, VLA/X, ALMA/B3, ALMA/B6, ALMA/B7, and ALMA/B9, respectively. The black cross
indicates the peak position (nucleus) which is provided by the high-resolution image of the radio continuum (Olsson et al. 2010).
2.2 Archival ALMA and VLA Data
NGC 1614 was observed using ALMA band 7 and band 9 as two
cycle 0 programs (ID = 2011.0.00182.S and 2011.0.00768.S).
We obtained the calibrated archival visibility data from the
ALMA archive (see Sliwa et al. 2014 and Xu et al. 2015 for
the details of the data). The band 7 data were obtained on July
31 and August 14, 2012 (Tinteg= 88.8 min.) with a projected
baseline length of 18 - 1341 m. The band 9 data were obtained
on August 13 and 28, 2012 (Tinteg = 24.7 min.) with a pro-
jected baseline length of 20 - 394 m. J0423-0120 was used for
the bandpass and phase calibrations for the band 9 observations.
J0522-364 was used for the bandpass calibration, while J0423-
013 was used for the phase calibration for the band 7 observa-
tions. For the band 7 and 9 observations, Callisto and Ceres
were used for the flux calibration, respectively.
NGC 1614 was observed using VLA C-band (4.89 GHz) and
X-band (8.49 GHz). We use the archival calibrated visibility
data (see Condon et al. 1990, Schmitt et al. 2006, Olsson et
al. 2010, and Herrero-Illana et al. 2014 for the details of the
data). The C-band observations were carried out using twenty-
four to twenty-seven 25 m antennas. The C-band data were
obtained on May 15, 1986 (A config.), August 10, 1986 (B con-
fig.), November 23, 1987 (B config.), June 17, 1994 (B config.),
September 16, 1998 (B config.), and July 27, 1999 (A config.).
The combined data has the projected baseline lengths of 137
- 36,605 m. The X-band observations were carried out using
twenty-five to twenty-seven 25 m antennas. The X-band data
were obtained on August 3, 1993 (C config.), July 27, 1999
(A config.), July 9, 2001 (C config.), July 8, 2003 (A config.),
October 15, 2003 (B/A config.), and November 6, 2004 (A con-
fig.). The combined data has the projected baseline lengths of
32 - 36,620 m. For the C-band observations, 3C48, 3C138,
J0134+329, and J0420-013 were used for the flux calibration,
and J0019-000 and J0423-013 were used for the phase calibra-
tion. For the X-band observations, 3C48 and J0134+329 were
used for the flux calibration, and J0423-013 was used for the
phase calibration.
2.3 Data Reduction and Imaging
For analyses in this paper, we assume that the missing flux ef-
fect (i.e., absence of short spacings) is negligible because we
only discuss the structure that is smaller than the “maximum
recoverable scale” (MRS) of each observation. This is given by,
MRS≈ 0.6×
λobs
Lmin
(1)
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Fig. 2. Model (contour) images and residual (color) images of the 2D gaussian fitting. The contours are 10, 30, 50, 70, and 90% of the peak flux. The peak
values are 14.3, 9.4, 2.6, 2.9, 9.1, and 95.6 mJy beam−1 for VLA/C, VLA/X, ALMA/B3, ALMA/B6, ALMA/B7, and ALMA/B9, respectively. The residual in
color scale ranges from the minimum to maximum pixel value. The minimum values are −1.0, −1.0, −0.4, −0.6, −1.9, and −17.4 mJy beam−1 while the
maximum values are 1.2, 0.7, 0.2, 0.5, 1.1, and 15.1 mJy beam−1 for VLA/C, VLA/X, ALMA/B3, ALMA/B6, ALMA/B7, and ALMA/B9, respectively. The white
cross indicates the peak position (nucleus) which is provided by the high-resolution image of the radio continuum (Olsson et al. 2010).
where λobs is the observed wavelength and Lmin is the min-
imum baseline in the array configuration1 . The MRS is esti-
mated from the minimum baseline length of the assigned con-
figuration and the observed frequency. Since the minimum
baseline of all data shown in this paper is clipped at 45 kλ (i.e.,
minimum baseline of the band 9 observation) before imaging
processes, the produced images have a same MRS of 4.′′6 (≃
1.5 kpc). The image properties (e.g., MRS, uv weighting, and
beam size) are listed in Table 1.
We used the delivered calibrated uv data for the band 3 and
6 observations, and the calibrated archival uv data for the oth-
ers. The data processing was accomplished using CASA (version
4.2.2; McMullin et al. 2007). We convolved all images into a
same beam (1.′′0× 1.′′0). We subtracted all strong line emission
features (e.g., CO and CN) before the imaging of continuum
emission by masking the velocity range of ± 500 km s−1 cen-
tered on their rest frequencies. This velocity range is consistent
with the velocity of a putative CO (1–0) outflow (|v− vsys| <
420 km s−1; Garcı´a-Burillo et al. 2015). The rms level of 4.81,
8.36, 108, 233, 352, and 691 GHz images (Figure 1) are 32, 7.4,
1 https://almascience.nao.ac.jp/documents-and-tools/cycle-2/alma-
technical-handbook
51, 143, 68, and 736 µJy, respectively. The systematic errors of
absolute flux calibration are estimated to be 3%, 3%, 5%, 10%,
10%, and 15% for 4.81, 8.36, 108, 233, 352, and 691 GHz, re-
spectively. Throughout this paper, the pixel scales of all images
are set to 0.′′2/pixel. The absolute positional accuracy of the
ALMA and VLA images are estimated to be less than 10% of
the synthesized beam size. Since the synthesized beam sizes be-
fore convolving into the 1.′′0 × 1.′′0 resolution are smaller than
1.′′0, the positional accuracy is better than 0.′′1 which is smaller
than the pixel size.
3 RESULTS
3.1 4.81, 8.36, and 108 GHz Emission
The continuum images at 4.81, 8.36, and 108 GHz show a
nearly circular (face-on) morphology (Figures 1a, 1b, and 1c)
with a deconvolved major axis and minor axis of 1.′′28 ± 0.′′03
(∼ 420 pc) and 1.′′15 ± 0.′′05 (∼ 380 pc), respectively. The
source size is derived by fitting a 2D gaussian in the image plane
using imfit in CASA as shown in Figure 2. The fitting parame-
ters are listed in Table 2. The strongest peaks coincide with each
other, and the peaks are ∼ 0.′′8 west of the nucleus identified
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Fig. 3. (a) Radial distribution of each emission. The shaded area indicates the convolved beam size. We only consider the statistical error in this plot because
the y-axis is the normalized flux density. (b) Spatially-resolved SED. The color scale ranged from 0.′′0 to 1.′′8 indicates the radius of concentric rings which
are shown in the right figure. (c) Concentric rings which are used for the photometry overlaid on the 691 GHz image. The grey solid rings indicate photometric
regions where all the six continuum emission are detected. The convolved beam is shown in the bottom left corner.
from the high resolution 5 GHz continuum using Multi-Element
Radio Linked Interferometer Network (MERLIN) (synthesized
beam of 0.′′2; Olsson et al. 2010) and Paschen α image using
HST/NICMOS (Alonso-Herrero et al. 2001). The offset arises
due to the asymmetric starburst ring structure (Herrero-Illana et
al. 2014; Xu et al. 2015). All of the residual images show a same
strong negative peak at the nuclear position and a same positive
ring-like structure, suggesting all continuum images contain a
similar structure. This structure may be related to the presence
of the starburst ring which is seen in all high-resolution multi-
wavelength images (Alonso-Herrero et al. 2001; Olsson et al.
2010; Ko¨nig et al. 2013; Herrero-Illana et al. 2014; Xu et al.
2015).
A comparison of the 4.81 GHz flux observed by the VLA
with the 4.83 GHz flux obtained by the Green Bank 91 m (GBT)
telescope (Bicay et al. 1995) suggests that the VLA data recov-
ers 42 ± 8 % of the total emission (Table 1).
3.2 233, 352, and 691 GHz Emission
The continuum images at 233, 352, and 691 GHz show a
slightly elongated elliptical morphology from the south to the
north (Figures 1d, 1e, and 1f) with deconvolved major axes, mi-
nor axes, and position angles of 1.′′70± 0.′′09 (∼ 560 pc), 1.′′18
± 0.′′13 (∼ 390 pc), and 176◦.1 ± 2◦.3, respectively (Figure 2
and Table 2). The radial distribution of each emission (Figure
3a) suggests that the low frequency emission (≤ 108 GHz)
is systematically more compact relative to the high frequency
emission (≥ 233 GHz). The peak positions coincide with each
other as well as the low frequency emission.
Assuming a circular disk geometry for simplicity, we esti-
mate the inclination of the disk from the axial ratio (i.e., the
minor axis divided by the major axis) using,
cos i=
a
b
(2)
where i is the inclination of the disk, a is the minor axis, and b
is the major axis. The derived i is listed in Table 2. We found
that 4.81, 8.36, and 108 GHz disks are nearly face-on (24.86 ±
0.02◦on average), while those of 233, 352, and 691 GHz disks
are slightly inclined (46.04 ± 0.16◦on average) or more elon-
gated toward the north-south direction.
The difference of the apparent morphology between the low
frequency and the high frequency emission is caused by the dif-
ferences of physics which produces the continuum emission.
Assuming the higher frequency emission arises from the cold
dust component and the lower frequency emission arises from
the thermal bremsstrahlung and/or the non-thermal synchrotron
which are associated with star-forming activities (see §4), the
elongated higher frequency emission suggests that cold dust dis-
tribution is more extended toward the north-south direction and
larger than the star forming regions. Deeper continuum obser-
vations with shorter baselines are necessary in order to trace
more diffuse components.
The recovered fluxes at 352 and 691 GHz in the ALMA
observations relative to those in the James Clerk Maxwell
Telescope (JCMT; Dunne et al. 2000; Dunne & Eales 2001)
observations are 18 ± 4 and 27 ± 4 %, respectively. Large
amounts of the 352 and 691 GHz emission are more extended
than the MRS scale (∼ 1.5 kpc).
4 SED MODELING
4.1 Spatially-resolved radio-to-FIR SED
We constructed the spatially-resolved SED of NGC 1614
(Figure 3b) from 4.81 to 691 GHz by measuring the flux densi-
ties contained in concentric rings defined by the width of 0.′′2
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Fig. 4. Results of the SED fitting for 3 photometric rings with the radius of (a) 0.′′0 - 0.′′2, (b) 0.′′8 - 1.′′0, and (c) 1.′′6 - 1.′′8. The blue, purple, and cyan lines
show the best-fitted synchrotron, free-free, and dust continuum spectrum, respectively. The best-fitted spectrum is shown as the green line. Typical fitting error
of the y-axis is 17%.
(see Figure 3c). We note that the flux values between adja-
cent rings are not independent because the width of the ring
is smaller than the convolved beam. However, since the contin-
uum images are sufficiently resolved with the 1.′′0 beam, this
will not introduce any artificial bias in the discussion of the
overall trend presented in the following sections. The shape
of the SEDs are similar from region to region, while the to-
tal flux density systematically decreases as the ring radius in-
creases. The most significant difference is the slope between
the 108 and 233 GHz emission (i.e., the nuclear region shows a
flatter spectrum). In order to understand the physical origins of
the shape of the SED, we perform a simple SED fitting.
4.2 SED Formulation for Starburst-dominated
Galaxies
We modeled the radio-to-FIR continuum emission by using the
formulation described in Yun & Carilli (2002),
S(νobs) = (Snth+Sff +Sd)(1+ z) Jy (3)
Snth = 25fnthν
−α
0
SFR
M⊙ yr−1
D
−2
L (4)
Sff = 0.71ν
−0.1
0
SFR
M⊙ yr−1
D
−2
L (5)
Sd = 1.3× 10
−6
ν30
[
1− e−(ν0/νc)
β
]
e(0.048ν0/Td)− 1
SFR
M⊙ yr−1
D
−2
L , (6)
where Snth, Sff , and Sd are the flux of non-thermal synchrotron,
thermal bremsstrahlung (free-free), and thermal dust emission,
respectively, ν0 is the rest frequency in GHz, z is the redshift,
fnth is the radio-FIR normalization term adopted by Condon
(1992), α is the spectral index of non-thermal synchrotron emis-
sion, SFR is the star formation rate in M⊙ yr−1, DL is the lu-
minosity distance, νc is the critical frequency where the clouds
become optically thick, β is the dust emissivity index, and Td is
the dust temperature.
This formulation is only valid for starburst-dominated galax-
ies (i.e., AGN contribution to the radio-to-FIR SED is negligi-
ble), because it is based on the assumption that all the three
components are associated with massive star-forming activities
(e.g., supernovae and their remnants, H II regions surround-
ing young stars, and dust particles heated by young massive
stars). This assumption is applicable to NGC 1614 since multi-
wavelength studies have so far found no significant evidence
for an AGN (Alonso-Herrero et al. 2001; Imanishi & Nakanishi
2013; Herrero-Illana et al. 2014; Xu et al. 2015). In order to
minimize the number of free parameters, we fix z = 0.015938,
DL = 67.8 Mpc (Xu et al. 2015), νc = 2 THz (Yun & Carilli
2002), and Td = 35 ± 2 K (Xu et al. 2015) which is derived by
using Spitzer/MIPS 24 µm and Herschel 70 - 500 µm data, in
the fitting routine.
The results from the fit are listed in Table 3 and shown in
Figure 4. The derived fnth ranges between 0.43 - 1.45 (aver-
aged fnth = 0.66 ± 0.13). This is consistent with fnth derived
by global SED fitting, which typically shows the value of or-
der unity (Yun & Carilli 2002). The synchrotron spectral index
α shows a constant index of −0.9 within the error (Figure 5a).
This is also consistent with global fitting values (e.g., Yun &
Carilli 2002). The best-fit SFR surface density (ΣSFR) ranges
between 100.9 - 102.1 M⊙ yr−1 kpc2 (Figure 5b), and this is
similarly consistent with the ΣSFR derived from the extinction-
corrected Paschen α measurements (Herrero-Illana et al. 2014)
and the thermal and non-thermal radio measurements decom-
posed using the 8.36 GHz continuum, near-IR extinction, and
Paschen α equivalent width image (see Appendix A of Xu et
al. 2015), when we take into account the missing flux of the
radio-to-FIR SED. The SFR is mainly determined by Sff which
dominates the 108 GHz flux, because Sff is only proportional to
the SFR (Equation 5).
We calculated the dust optical depth at 691 GHz by τν =
(ν/νc)β in order to evaluate the contribution of dust extinction
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to the CO (6–5) emission. It is known that some U/LIRGs suf-
fer from strong dust extinction in high-J CO emission (e.g.,
τ350GHz > 1 for Arp 220; Sakamoto et al. 2008; Rangwala et
al. 2011). In contrast to these studies, we found that the τ691GHz
is optically thin (0.06 - 0.21) in the nuclear region of NGC 1614
(central 1.′′8) suggesting that the dust extinction for the CO (6–
5) emission is negligible (Figure 5c).
4.3 Dust Mass and Gas Surface Density Derivation
We calculate the dust mass from the 352 GHz (852 µm) con-
tinuum emission assuming that the 352 GHz flux is dominated
by the cold dust component (Figure 4) and using the following
equation (Wilson et al. 2008),
Mdust = 74200 S352D
2
L
e17/Td − 1
κ352
M⊙ (7)
where S352 is the 352 GHz flux in Jansky, DL is the luminos-
ity distance in Mpc, and κ352 is the dust absorption coefficient
(0.43 ± 0.04 cm2 g−1; Li & Draine 2001). We assumed Td of
35 ± 2 K (Xu et al. 2015). The derived dust masses range be-
tween 3.3 × 105 and 2.6 × 106 M⊙ (Table 3). We note that we
used the Li & Draine (2001) dust model, because the κ352 de-
rived from the SED fitting has a large error and the assumption
of the constant Td of 35 ± 2 K may affect the derived β. High-
resolution high-frequency observations are required to constrain
the Td gradient in the nuclear region of NGC 1614.
Assuming a gas-to-dust ratio of 264 ± 68 (Wilson et al.
2008), the surface densities of molecular gas (ΣH2 ) are esti-
mated to be in the range 103.0 - 103.8 M⊙ pc−2. We assumed
the CO-to-H2 conversion factor known to be appropriate for
U/LIRGs (αCO = 0.8 M⊙ (K km s2)−1; Bolatto et al. 2013).
This is consistent with the value derived by Sliwa et al. (2014)
in NGC 1614 (αCO = 0.9 - 1.5 M⊙ (K km s2)−1). The derived
ΣH2 are consistent with the values estimated from the high-
resolution CO (6–5) image (Xu et al. 2015). Here, we ignore
the Snth and the Sff contributions to the 352 GHz flux (although
Wilson et al. 2008 assumed these contribution by a factor of 0.6
to derive the gas-to-dust ratio of 440 ± 114), since our SED fit-
tings yield that the 352 GHz flux is dominated by the cold dust
emission (Figure 4).
5 MERGER EVOLUTION ON THE
STAR-FORMING RELATION
We present the sub-kpc scale star-forming (Kennicutt-Schmidt;
KS) relation for NGC 1614 (Figure 6), and compare with simi-
lar spatial resolution (0.3 - 0.8 kpc) data of U/LIRGs in the liter-
ature (VV 114, NGC 34, and SDP.81; Xu et al. 2014; Hatsukade
et al. 2015; Saito et al. 2015a). We also make a comparison with
∼ 0.75 kpc resolution data of nearby spiral galaxies (Bigiel et
al. 2008).
NGC 1614 (red points in Figure 6) has higher ΣH2 (=
103.0−3.8 M⊙ pc−2) and ΣSFR (= 100.9−2.1 M⊙ yr−1 kpc−2)
than nearby spirals. In addition, we derive the molecular gas
depletion time (τgas = ΣH2 /ΣSFR yr) which is the time needed
to consume the existing molecular gas by star formation. The
nuclear region of NGC 1614 (< 300 pc) has shorter gas de-
pletion time (averaged τgas = 49 - 77 Myr) than the outer re-
gion (averaged τgas = 74 - 226 Myr) (Table 3). The region
with the shorter τgas coincides with the starburst ring (Alonso-
Herrero et al. 2001), which suggests that most of the intense SB
in NGC 1614 occur within the ring rather than the outer region.
VV 114 is a gas-rich mid-stage merging galaxy with an in-
frared luminosity of 1011.71 L⊙ (Armus et al. 2009). Although
the system has a possible buried AGN as identified by dense
molecular gas tracers (Iono et al. 2013) and the unresolved hard
X-ray emission (Grimes et al. 2006), the extended infrared con-
tinuum, Paschen α (Tateuchi et al. 2015), and low-J CO emis-
sion (Iono et al. 2004) mainly come from kpc-scale clumpy
star-forming regions. We used the ALMA CO (1–0) and the
miniTAO Paschen α emission to derive the ΣH2 and ΣSFR of
VV 114, respectively (see Saito et al. 2015a for details). VV 114
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Fig. 6. The spatially-resolved (sub-kpc) Kennicutt-Schmidt relation of
merger-remnants NGC 1614 (red; this work), NGC 34 (green; Xu et al.
2014), a mid-stage merger VV 114 (blue and yellow; Saito et al. 2015a),
a lensed SMG SDP.81 (grey; Hatsukade et al. 2015), and nearby spirals
(pink shaded area; Bigiel et al. 2008). The solid lines show a constant gas
depletion time (τgas) of 10 Myr, 100 Myr, and 1 Gyr. The dotted and dashed
line indicate the “starburst” sequence and the “normal disk” sequence (Daddi
et al. 2010).
has the lowest star formation among the four galaxies shown in
Figure 6. The blue points indicate star-forming regions in tidal
arms, and the yellow points indicate the nuclei and overlap re-
gion between the galaxy disks. Most of SF regions have the
τgas between 100 Myr and 1 Gyr. These values are shorter than
normal spiral galaxies (Bigiel et al. 2008), and they are slightly
higher than the “normal disk” sequence (index = 1.4) which is
mainly dominated by nearby spiral galaxies with moderate star
formation (Daddi et al. 2010).
NGC 34 (green points in Figure 6) is one of the bright merger
remnants (LIR = 1011.49 L⊙; Armus et al. 2009) with a rotating
cold gas disk (R ∼ 3 kpc; Ueda et al. 2014) and warm compact
gas disk (R ∼ 320 pc; Xu et al. 2014) similar to NGC 1614. We
used the ALMA 435 µm dust and the VLA 8.44 GHz emission
to derive the ΣH2 and ΣSFR of NGC 34, respectively (see Xu et
al. 2014 in details). NGC 34 has a systematically higher ΣSFR
than NGC 1614 (i.e., τgas of NGC 34 is shorter than that of
NGC 1614). As suggested by Xu et al. (2015), one possibility
to explain the difference is the characteristics of the progenitor
galaxies. NGC 1614 is known as a minor merger, a colliding
system between a massive and a dwarf galaxy with the mass ra-
tio of > 4 (Va¨isa¨nen et al. 2012), whereas NGC 34 is known
as a major merger (Xu et al. 2014). Since major mergers effi-
ciently induce gas inflows toward their nuclei due to the strong
tidal interaction (e.g., Cox et al. 2008), the central starbursts in
major mergers can be more intense than that of minor mergers.
SDP.81 (grey points in Figure 6) is one of the brightest
lensed submillimeter galaxies (z = 3.042; Intrinsic LFIR =
1012.70 L⊙) discovered in the Herschel Astrophysical Terahertz
Large Area Survey (Eales et al. 2010). Using a gravitational
lens model, Hatsukade et al. (2015) found evidence of a rotat-
ing molecular gas disk with spatially-decoupled stellar com-
ponents which suggests central dusty starbursts or merging
signatures between two gas-rich galaxies (i.e., tidal tails or
arms). Hatsukade et al. (2015) used the ALMA CO (5–4)
and the ALMA rest-frame 125 µm emission to derive the ΣH2
and ΣSFR of SDP.81, respectively. The τgas of SDP.81 (∼
50 Myr) is longer than that of NGC 34 and similar to that of
the NGC 1614 nucleus. All of the clumps that are distributed
over the kpc-scale disk of SDP.81 show active SF, which is sim-
ilar to the nuclear region of NGC 1614 and NGC 34 (central
200 pc).
Overall, the sub-kpc KS relation for U/LIRGs has a larger
index than unity (∼ 1.4; Figure 6). The index is larger than
the fitted value for spatially-resolved (sub-kpc) nearby spiral
galaxies (1.0 ± 0.2; Bigiel et al. 2008), which suggests that
molecular clumps in U/LIRGs (especially their nuclei) form
stars with higher efficiency than in spirals. Furthermore, al-
though the sample size is not enough statistically, our U/LIRG
sample is distributed between the “normal disk” and the “star-
burst” sequence both of which have a same index of 1.4 (Daddi
et al. 2010). This is consistent with a numerical simulation pro-
vided by Bournaud et al. (2011) who suggest that galaxy merg-
ers between two gas-rich disks can evolve toward the “starburst”
mode (i.e., the τgas becomes shorter as the merger-stage pro-
ceeds from VV 114 to NGC 1614 to NGC 34).
Finally we note that, since the ΣH2 of all the U/LIRGs are
derived by simply assuming a CO luminosity-to-H2 mass con-
version factor (αCO) of 0.8 M⊙ (K km s−1 pc2)−1, which is the
standard value for U/LIRGs (e.g., Bolatto et al. 2013), and/or
adopting observed gas-to-dust ratio, data points in Figure 6 sys-
tematically shift when we adopt other αCO. Therefore, the in-
dex of 1.4 does not change significantly.
6 CONCLUSION
Our new cycle 2 ALMA observations toward NGC 1614 of the
108 and 233 GHz continuum, combined with archival cycle 0
ALMA data of the 352 and 691 GHz continuum, and archival
VLA data of the 4.81 and 8.36 GHz emission show a similar
structure between each emission, although there are systematic
differences between the lower frequency emission (≤ 108 GHz)
and the higher frequency emission (≥ 233 GHz). The higher
frequency emission has a more extended distribution toward
the north-south direction, while both the lower and higher fre-
quency emission show an offset peak relative to the nucleus,
which was detected in the higher-resolution 5 GHz and Paschen
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α images, and a ring-like residual after subtracting the fitted 2D
gaussian. This is the first result to resolve the radio-to-FIR con-
tinuum emission in LIRGs with 1.′′0 resolution simultaneously.
Using the starburst SED template, we confirmed that the
spatial differences of the SED may be due to the differences
of dominant emitting mechanism; i.e., (1) 4.81 and 8.36 GHz
fluxes are dominated by the non-thermal synchrotron, (2)
108 GHz flux is dominated by the thermal free-free emission,
(3) 352 and 691 GHz fluxes are dominated by the thermal dust
emission.
We also estimated the spatially-resolved (1.′′0 × 1.′′0) star
formation rate surface densities and molecular gas surface den-
sities. By combining with data in the literature, we suggest a
trend that the molecular gas depletion time decreases as galaxy
merger stage proceeds. This is consistent with the prediction
from numerical simulations of star-forming activities as a func-
tion of the merger stage.
In forthcoming papers, we will provide underlying gas
physics (e.g., excitation) and chemistry (e.g., abundance) in
merger-induced starbursts with high sensitivity and resolution
(0.′′2 - 1.′′0) enough to resolve the starburst ring in NGC 1614
(Ando et al. in prep. and Saito et al. in prep.).
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Table 1. Imaging properties of continuum emission.
Telescope Band νrest MRS∗ uv-weight† Beam size‡ Sν§ Recovered flux‖ Ref.#
[GHz] [′′] [′′] [mJy] [%]
VLA C 4.81 4.6 uniform 1.0 × 1.0 26.69 ± 0.13 42 ± 8 1, a
VLA X 8.36 4.6 briggs 1.0 × 1.0 17.66 ± 0.07 ... b
ALMA B3 108 4.6 briggs 1.0 × 1.0 6.39 ± 0.13 ... This work
ALMA B6 233 4.6 uniform 1.0 × 1.0 8.02 ± 0.36 ... This work
ALMA B7 352 4.6 briggs 1.0 × 1.0 29.23 ± 0.23 18 ± 4 2, c
ALMA B9 691 4.6 briggs 1.0 × 1.0 222.3 ± 11.2 27 ± 4 3, d
∗ Maximum recoverable scale (MRS) of each observations. This is defined by∼ 0.6 λobs /(minimum baseline length), where λobs is the
observed wavelength.
† Visibility (uv-plane) weighting for imaging. “briggs” means Briggs weighting with robust = 0.5.
‡ The synthesized beam size. The images are convolved into the same resolution.
§ Integrated flux density enclosed with the 3σ contour. We only consider the statistical error in this column. The systematic error of absolute
flux calibration is estimated to be 3%, 3%, 5%, 10%, 10%, and 15% for VLA/C. VLA/X, ALMA/B3, ALMA/B6, ALMA/B7, and ALMA/B9,
respectively.
‖ The ALMA/VLA flux divided by the single-dish flux. We consider the statistical and systematic error.
# Reference of the single-dish flux (1 = Bicay et al. (1995), 2 = Dunne et al. (2000), and 3 = Dunne & Eales (2001)) and the interferometric
data (a = Olsson et al. (2010), b = Schmitt et al. (2006), c = Sliwa et al. (2014), and d = Xu et al. (2015)).
Table 2. Results of the 2D gaussian fitting.
Band R.A. Decl. Rdeconv∗ P.A. Axis ratio† i‡
[h m s] [d m s] [′′] [◦] [◦]
C 4:34:00.013 −8.34.44.918 1.279 ± 0.006 60.56 ± 0.49 0.918 ± 0.006 23.41 ± 0.04
X 4:34:00.012 −8.34.45.057 1.214 ± 0.006 115.49 ± 0.40 0.926 ± 0.007 22.16 ± 0.05
B3 4:34:00.017 −8.34.45.096 1.350 ± 0.026 176.2 ± 2.1 0.859 ± 0.027 30.85 ± 0.05
B6 4:34:00.013 −8.34.45.030 1.626 ± 0.058 1.4 ± 2.1 0.734 ± 0.048 42.75 ± 0.07
B7 4:34:00.014 −8.34.44.959 1.781 ± 0.015 171.88 ± 0.48 0.728 ± 0.011 43.26 ± 0.02
B9 4:34:00.006 −8.34.45.103 1.681 ± 0.063 174.89 ± 0.78 0.630 ± 0.050 50.95 ± 0.08
∗ Deconvolved source size which is defined as [Rconv - (θHPBW/2)2]0.5 , where Rconv is the estimated major axis size of the
gaussian fitting and θHPBW is the synthesized beam size.
† Value which the minor axis divided by the major axis.
‡ Inclination with an assumption of a thin disk. See text.
Table 3. Results of the SED fitting.
Radius∗ fnth† α‡ β§ log ΣSFR Mdust log ΣH2‖ log τgas#
[M⊙ yr−1 kpc−2] [× 105 M⊙] [M⊙ pc−2] [yr]
0.′′0 - 0.′′2 0.56 ± 0.09 −1.03 ± 0.13 2.46 ± 0.16 2.11+0.07
−0.08 3.3 ± 0.4 3.80
+0.11
−0.15 7.69
+0.19
−0.22
0.′′2 - 0.′′4 0.54 ± 0.09 −0.98 ± 0.15 2.40 ± 0.19 2.08+0.08
−0.10 10.1 ± 1.3 3.81
+0.11
−0.15 7.73
+0.21
−0.23
0.′′4 - 0.′′6 0.51 ± 0.07 −0.92 ± 0.14 2.32 ± 0.19 2.04+0.09
−0.11 17.1 ± 2.2 3.82
+0.11
−0.15 7.78
+0.22
−0.24
0.′′6 - 0.′′8 0.50 ± 0.07 −0.87 ± 0.11 2.22 ± 0.17 1.97+0.08
−0.10 23.2 ± 2.9 3.81
+0.11
−0.15 7.84
+0.21
−0.23
0.′′8 - 1.′′0 0.52 ± 0.07 −0.84 ± 0.10 2.11 ± 0.16 1.85+0.09
−0.11 25.9 ± 3.3 3.74
+0.11
−0.15 7.89
+0.22
−0.24
1.′′0 - 1.′′2 0.56 ± 0.08 −0.84 ± 0.10 2.02 ± 0.17 1.68+0.09
−0.12 24.0 ± 3.0 3.62
+0.11
−0.15 7.94
+0.23
−0.24
1.′′2 - 1.′′4 0.70 ± 0.16 −0.87 ± 0.14 1.88 ± 0.26 1.43+0.14
−0.21 19.6 ± 2.5 3.46
+0.11
−0.15 8.03
+0.32
−0.29
1.′′4 - 1.′′6 0.80 ± 0.40 −0.89 ± 0.22 1.80 ± 0.46 1.15+0.22
−0.48 13.7 ± 1.7 3.25
+0.11
−0.15 8.11
+0.59
−0.37
1.′′6 - 1.′′8 0.76 ± 0.69 −0.92 ± 0.30 1.82 ± 0.72 0.90+0.31
−0.90 8.7 ± 1.1 2.99
+0.11
−0.15 8.09
+1.01
−0.46
∗ Inside and outside radii of the concentric ring which are used for the photometry.
† Multiplicative correction factor for non-thermal radio continuum emission. The fnth = 1.0 corresponds to the Galactic normalization adopted by
Condon (1992).
‡ The synchrotron spectral index.
§ Dust emissivity.
‖ Molecular gas surface density assuming the gas-to-dust ratio of 264 ± 68. See text.
# Gas depletion time which is defined by ΣSFR/ΣH2 yr.
